The existence of scale invariant physics would lead to new phenomena in particle physics that could be detected at the LHC. In this paper we exploit the effects of these unparticles in W W → W W scattering. From the requirement of unitarity we derive constraints on unparticle physics. We show that the existence of unparticles would lead to deviations in differential cross sections which can be measured. These deviations are sensitive on the scale dimension and on the spin characteristics of the unparticles.
Introduction
Recently H.Georgi proposed that there might be a sector of scale invariant physics that decouples at a large scale [1] , [2] . At high energies this theory contains both the fields of the Standard Model and the fields of the scale invariant physics. This invariant sector is called BZ fields [3] . The two types of fields interact via exchange of particles with a mass scale M U . Renormalization of the couplings of the BZ fields causes dimensional transmutation at the scale Λ U as scale invariance emerges. Below that scale Λ U one ends up with a nonrenormalizable effective theory. If there is physics that is scale invariant the low energy sector can be associated with "unparticles". These unparticles behave like invisible massless particles and are described by unparticle operators O U . As it is not a priori clear what lorentz structure these unparticles have, one can construct scalar-, vector-, and tensor-operators O U ,O µ U ,O µν U . As suggested in [2] one for example has
where F αβ is the field strength tensor of any bosonic field of the Standard model and
Λ du denotes the effective coupling constant. d U is the scaling dimension of the unparticle operators O U . Following the notation of [2] , the propagator of a vector-like unparticle is given by
with
The propagator for a scalar unparticle is then given by
This was also derived independently in [4] .The scale dimension of the unparticle operator is constrained to 1 < d U < 2. So far there have been several publications that exploited phenomenological aspects of unparticles [4] [5] [6] [6] [7] [8] [9] [10] [11] [12] [13] [14] , but no attempts have been made in the purely bosonic sector. Effective theories described by such operators as in (1) cannot be valid to arbitrary energies. Their applicability is bound by the requirement of unitarity. That means that we can constrain the strength of the coupling constant if we demand the theory to be applicable to a certain energy which of course has to be well below the energy scale Λ U . Considering the bosonic sector, it has been observed in the past, that severe constraints on the somehow related dimension six operators come from the W W → W W scattering when all W -bosons are longitudinally polarized [15] . Because of that we are now also going to focus on the W W scattering including unparticles.
The paper is organised as follows. We will first review some important aspects on W W , except the two Higgs diagrams. As we are interested in the behaviour at high energies, i.e. in regions of around 1 TeV, it is sufficient to only look at the term with the highest order in k. All other terms can be omitted. If one adds up these five diagrams, the k 4 terms cancel and the amplitude is proportional to k 2 . The two Higgs exchange diagrams are also proportional to k 2 and these two contributions cancel so that the leading term of the whole amplitude is a constant in k as one takes the high energy limit. So we have no violation of unitarity.
Independent whether we are considering scalar unparticles or vector-like unparticles we have two contributions, namely the exchange of an unparticle in the s-channel and in the t-channel. This is illustrated in figure 2 . We now have additional contributions which are not cancelled and that will cause unitarity violation if we go to sufficient high energies.
We start with considering a scalar unparticle. The effective operator takes the form
We therefore get new Feynman rules for the coupling between the unparticles and the W -bosons due to the structure of the given operators. Let µ be the lorentz index of the W + with momentum q + and ν the lorentz index of the W − with momentum q − . Then for a scalar unparticle the vertex factor is
Naively one would expect that the leading contribution comes from the state when all W -bosons are longitudinally polarised as it is for instance for dimension six operators. But due to the gauge structure of this operator, this is not the case. Explicit calculation shows, that the amplitude with four longitudinal bosons only grows with k
whereas the leading term is ∼ k 2d U and solely comes from the amplitudes where all bosons are transversely polarised. That the leading term is ∼ k 2d U is not surprising as we expect the same behaviour as an exchange of a Higgs boson when d U = 1. For a vector-like unparticle the high energy behaviour depends on the structure of the operater O µν U . We assume a gauge-invariant form and choose it as
Because we made a certain assumption on the form of the unparticle operator O µν U we have to mildly adapt the coupling constant to get the right dimensions. We therefore change the coupling constant to
Off course it is not at all clear that this is the whole operator, one can think of adding a non-abelian part but these parts would not contribute to our diagrams. Our effective operator then has the form
From that expression we derive the following Feynman rule:
). Again, due to the gauge structure, the amplitude with four longitudinal bosons doesn't play the major role, this amplitude goes with k 2d U −2 . Since d U > 1 this alone would lead to unitarity violation. We come to that point later. But exactly as it was for the scalar unparticle, the leading contribution comes from the amplitudes with all four bosons being transversely polarised. This amplitude goes with k
. If we again set d U = 1 we also end up with a behaviour as in the Standard Model with the difference that in the Standard Model this occurs for longitudinal bosons only.
Any amplitude can be written as a sum over partial waves. According the expansion in [16] we write our amplitude as
In this notation the λ i denote the helicity states of the particles, λ = λ a − λ b and µ = λ c − λ d . In the case λ = µ = 0 the d j -functions simplify to the Legendre-polynomials:
To ensure unitarity
must be fillfulled and this relation has to be fullfilled for each partial wave. We assume that the strongest bounds come from the partial waves with small angular momentum. So we project our amplitude on the partial wave with J = 0. This partial wave is given by
For a scalar unparticle we have three different contributions to the leading amplitude. The first comes from the case when all polarization vectors are in the same state, which we denote as M ( 
The second amplitude does not contribute to the 0-th partial wave. Projections of the other two amplitudes lead to
Inserting (9) into (5) and solving this equation for C W W,S leads to an upper bound on C W W,S , dependent on the center-of-mass energy and on the scale dimension d U . This is illustrated in figure 3 for a center-of-mass energy of 1 TeV and the different amplitudes. The allowed value for the coupling constant gets maximal when d U ≈ 1.8. We repeat that procedure for a vector-like unparticle and define
. Again there are just three amplitudes that contribute to the leading term. They are again the three amplitudes M (++++) ,M (++−−) and M (+−+−) . They are given by
Concerning the partial waves, the projections of the first and the third amplitude are identical, the second amplitude gives no contribution to the 0-th partial wave. We find
From that we also get an upper bound on the coupling to vector unparticles. This is also shown in figure 3 . The constraint on the vector unparticle is weaker than on the scalar unparticle but they are about the same order of magnitude.
For unparticles the propagator depends on the scale dimension d U . That is why we expect a dependence of the angular distribution on d U . So the question arises if we can determine the scale dimension by measuring the angular distribution of the W -bosons.
On the upper left picture in figure 4 we plotted the differential cross sec-tion 1 σ dσ dθ of the Standard Model. It is normalised on the total cross section, i.e. the differential cross section for the Standard Model contribution is normalised on the total cross section of only the Standard Model. The differential cross section for the unparticles is normalised on the total cross section only including uparticles. On the upper right picture we plotted the differential cross section for a scalar unparticle for several values of d U for a center-of-mass energy of 1 TeV. On the lower picture the same is done for a vector unparticle. The distributions look very different compared to the Standard Model. This could make it possible to detect them at the LHC in VBF-processes for example [17] [18] [19] [20] . Another interesting question is how we can distinguish a scalar unparticle from a vector unparticle. In the case of transverse polarisation, the distributions are too similar to be able to determine the lorentz structure. But there are differences in the pure longitudinal case. As stated earlier, the leading term for a scalar unparticle is proportional to k 2d U −4 . So the Standard Model will dominate the cross section and the unparticle is negligible. The leading contribution for a vector unparticle in the longitudinal case is proportional to k
. There we get an enhancement of the cross section that also may cause unitarity violation. In figure 5 we show the differential cross section for that case. We see that the distribution differs from that of the Standard Model and in that channel such a structure can only be caused by a vector unparticle.
Conclusions
Starting from the fact that higher order dimensional operators receive strong constraints from unitarity arguments (see for instance [15] ) and that the strongest bounds in the bosonic sector may come from the scattering of W -bosons, we calculated unitarity bounds for unparticles in this reaction. We found that the strongest bounds come from purely transverse polarised states and not from the longitudinal states due to the specific structure of the effective operators. Because of the dependence of the unparticle propagator on the scale dimension d U we looked at the angular distribution of the outgoing W -bosons and found significant differences to the Standard Model for both a scalar and a vector unparticle. If we go to longitudinal polarisation it turned out that only a vector unparticle will contribute here in a significant manner so that in that case one could distinguish a scalar unparticle from a vector unparticle. So the whole process would in principle allow us to determine the spin characteristics of unparticles and may even allow to measure d U .
